Abstract: Morus alba L. is an important tree species planted widely in China because of its economic value. In this report, we investigated the influence of two arbuscular mycorrhizal fungal (AMF) species, Glomus mosseae and Glomus intraradices, alone and together, on the growth of M. alba L. seedlings under greenhouse conditions. The growth parameters and physiological performance of M. alba L. seedlings were evaluated 90 days after colonization with the fungi. The growth and physiological performance of M. alba L. seedlings were significantly affected by the AMF species. The mycorrhizal seedlings were taller, had longer roots, more leaves and a greater biomass than the non-mycorrhizae-treated seedlings. In addition, the AMF species-inoculated seedlings had increased root activity and a higher chlorophyll content compared to non-inoculated seedlings. Furthermore, AMF species colonization increased the phosphorus and nitrogen contents of the seedlings. In addition, simultaneous root colonization by the two AMF species did not improve the growth of 
Introduction
Arbuscular mycorrhizal fungi (AMF) are common endophytic fungi that play an important role in vegetation succession in ecosystems, species productivity and the restoration of damaged ecosystems. About 90% of the flowering plants, ferns and mosses on Earth have a symbiotic relationship with AMF [1] . Previous studies have demonstrated that AMF may affect multiple metabolic processes in plants and that they promote the evolution, growth, nutritional status, water use, disease resistance and stress resistance of host plants [2, 3] . Arbuscular mycorrhizal (AM) symbioses are usually mutualistic and are based on the bidirectional transfer of organic carbon from the plant and soil-derived nutrients, particularly phosphorus (P), nitrogen (N) and zinc, from the fungi [4] .
The response of plants to colonization by AMF depends mainly on the host plant and fungal species, as well as on environmental conditions, such as nutrient levels, light intensity and temperature [5] . In previous studies, it has been suggested that plant colonization by different AMF with complementary functions may be more beneficial than colonization with a single species [6, 7] .
Morus alba L. is native to China and is now widely cultivated (even naturalized) globally. Mulberry leaves are important as the primary food of silkworms, whose cocoon is used to make silk. In addition, mulberry leaves are commonly used in traditional Chinese medicine; for example, M. alba L. leaf extracts are used to treat atherosclerosis [8] . Mulberry plants can also help diabetic patients by reducing the absorption of blood glucose. Thus, mulberry has high economic and medicinal value [9] .
The application of AMF during the cultivation of mulberry seedlings holds great promise in improving plant nutritional quality, growth and survival under conditions of abiotic stress. To date, only limited reports have explored mulberry inoculation with AMF. Katiyar et al. (1995) demonstrated that vesicular-arbuscular mycorrhizal (VAM) inoculation can help reduce the use of phosphate fertilizer in mulberry cultivation [10] . Mamatha et al. (2002) inoculated ten-year-old mulberry plants with Glomus fasciculatum in field conditions, finding that P fertilizer application can be reduced by 50% without reducing yield [11] . However, research regarding the effects of AMF inoculation on the growth of mulberry seedlings is still scarce; and there are no reports on mulberry seedlings simultaneously inoculated with more than one AMF species.
In this report, we investigated the effect of Glomus mosseae and Glomus intraradices on the growth parameters of, photosynthetic pigments of and mineral uptake by mulberry seedlings. To determine whether an AMF community composed of two different species can improve plant growth and mineral uptake more than a single species, a mixture of G. mosseae and G. intraradices was also included in our study to increase our understanding of the application of AMF for mulberry seedling cultivation.
Materials and Methods

Experimental Design
The substrate used in the pot experiment consisted of turfy soil (Klasmann-Deilmann GmbH, Geeste, Germany), sand and pearl stone mixed at a ratio of 4:3:4. The properties of the substrate were: total N, 3.92 g/kg; total P, 2.147 g/kg; total potassium (K), 43.0 g/kg; available N, 145.85 mg/kg; available P, 55.08 mg/kg; available K, 256.1 mg/kg; organic matter, 171.5 g/kg; and pH, 7.23. The plant growth substrate was sterilized using an autoclave at 0.14 MPa and 121 °C for 2 h before use.
Seeds of M. alba L. were obtained from the Research Institute of Forestry, Chinese Academy of Forestry. All seeds were surface-sterilized in 10% hydrogen peroxide (H2O2) for 10 min and then washed with sterile distilled water, after which they were soaked in warm sterile distilled water for 24 h, then germinated on plates containing pretreated sand (121 °C, 2 h). All germinated seeds were transferred to nursery containers when they reached 1 cm in length.
Glomus mosseae 0023 (GM) and G. intraradices 0042 (GI), obtained from the Beijing Academy of Agriculture and Forestry Science, were used as fungal inocula. The two inocula were propagated for 4 months in sterile potted soil containing cropped Trifolium repens L. in a controlled environmental chamber. Both inoculates contained substrate, root segments, hyphae and spores. The number of spores in mycorrhizal inoculum was 30.8/g (GM) and 114.6/g (GI), respectively. The root colonization rate was 76.73% (GM) and 91.03% (GI), respectively. Four inoculations were performed: GM, G. mosseae alone; GI, G. intraradices alone; GH (a code name), a mixture of 50% G. mosseae and 50% G. intraradices; and control, no AMF. Three seedlings were used per pot, with three replicates per treatment. On Day 40, three similar-sized seedlings were transplanted to plastic pots (30 cm deep with a 24-cm diameter) containing 5 kg of sterilized soil. Before transplantation, 100 g of inoculum mixture and sterilized mycorrhizal inoculum were placed 5 cm below the surface of the substrate in each mycorrhizal treatment pot for fungal treatment. To ensure the same number of spores in each treatment, inocula were prepared to contain 100% (GM), 26.88% (GI) and 63.44% (GH, 50-g GM and 13.44-g GI) of the total weight. The control pots received the same amount of sterilized mycorrhizal inoculum. Morus alba L. seedlings were grown in a greenhouse from August to November in 2011 for 90 days. The experiment was conducted in a greenhouse at the Chinese Academy of Forestry with 12-h diurnal light/dark cycles; a temperature of 25 °C in the light cycle and 18 °C in the dark cycle; a 6.7-lumen output flux; and 70% relative humidity. The containers were irrigated with distilled water to maintain the moisture level at field capacity, and to guarantee sufficient nutrient supply, seedlings were fed Hoagland nutrient solution every 3 weeks.
Plant Measurements, Nutrient Analysis and Mycorrhizal Colonization
The growth and physiological parameters of the plants were measured 90 days after the beginning of treatment. Plant height was measured using a steel ruler; the base diameter was measured using vernier calipers. After the seedlings were treated for 90 days, whole seedlings were removed from the pots. The shoots and roots were then dried at 105 °C for 30 min and 80 °C for 24 h, after which they were dried to a constant weight in an oven, and the total seedling biomass was calculated as the sum of the shoot and root dry weights. Mycorrhizal dependency (MD) was defined according to Gerdemann (1974) as "the degree to which a plant is dependent on the mycorrhizal condition to produce its maximum growth or yield at a given level of soil fertility [12] ." In this study, MD = mycorrhizal plant dry weight/non-mycorrhizal plant dry weight × 100%.
The AMF colonization rate was measured as described by Biermann (1981) [13] , and the roots were stained and destained as described by Phillips and Hayman (1970) [14] . The roots were harvested and cut into segments of 1.5 cm for each treatment and then cleared with 10% (w/v) potassium hydroxide (KOH) and incubated at 90 °C for 15 min. After removal of the KOH, the roots were washed until the brown color disappeared. The clear roots were then soaked in 2% hydrochloric acid (w/v) for 5 min and washed under running tap water. The root segments were stained in 0.05% trypan blue prepared in lactophenol for 25 min (incubated in 90 °C water). The roots were then destained and stored in clean lactophenol. The stained root segments were observed under a microscope: 50 stained root segments of each pot were randomly selected, prepared as permanent slides and viewed under a stereomicroscope at 12× and 50×. Colonization was measured as the proportion of the total number of root segments colonized by AMF (root segments with vesicles, arbuscules or hyphae were treated as AMF-colonized root segments). The AMF colonization rate = infected root segments/total root segments × 100%.
The plant inorganic nutrient content was examined by analyzing elements in the roots, shoots and leaves. The samples were oven-dried at 105 °C for 30 min and then at 80 °C for 24 h until a constant weight was reached. Each sample (0.2 g) was collected by coning and quartering and added to a 100-mL Kjeldahl flask containing 5 mL of concentrated sulfuric acid. The mixtures were gently shaken and then heated until they turned brown-black. After cooling, 5 mL of 30% (w/v) H2O2 were added to the solution. The mixtures were then gently shaken and heated again for 20 min. The last step was repeated until the liquid became clear, and the flasks were heated for 10 min until the H2O2 was eliminated. Distilled water was then added to each flask to a final volume of 100 mL. Each solution was analyzed for N, P and K. The total nutrient content was determined using the Kjeldahl method [15] ; P was determined using the Mo-Sb colorimetric method [16] ; and total K was detected using ammonium acetate extraction-flame photometry [17] .
Chlorophyll Content and Root Activity
Fresh tissue (1.0 g) was sampled from the second expanded leaf from the top of each plant. Chlorophyll was extracted with 90% acetone and measured using a UV/visible spectrophotometer at 663, 645 and 750 nm according to methods in Inskeep et al. (1985) [18] . The absorbance at 750 nm was subtracted from the absorbance at the other two wavelengths to correct for any turbidity in the extract prior to chlorophyll concentrations being calculated using the following formulas:
Chlorophyll A (mg/mL) = 11.64 × (A663) − 2.16 × (A645)
Chlorophyll B (mg/mL) = 20.97 × (A645) − 3.94 × (A663)
where A663 and A645 represent the absorbance at 663 and 645 nm, respectively.
As an important organ for absorption and synthesis, plant roots directly affect the growth of branches and leaves and play a role in supporting belowground plant components and in absorbing moisture and mineral nutrition from the soil; thus, they play a role in both plant growth and metabolism. In this experiment, root activity was determined using the 2,3,5-triphenyl tetrazolium chloride (TTC) method. According to Wu et al. (2013) [19] , roots (0.5 g) were cut into 1-cm segments, added to a test tube with 5 mL of 0.4% (m/v) TTC and 5 mL of 0.1 mol/L phosphate buffer (0.05 mol/L Na2HPO4 and 0.05 mol/L KH2PO4) and incubated for 1 h at 37 °C in the dark. Subsequently, 2 mL of 2 mol/L H2SO4 were added to the test tube to terminate the reaction. Afterwards, the roots were removed from the test tube and dried with paper towels. The dry roots were ground with quartz sand and 3-4 mL of acetic ether in a mortar, to extract three phenyl methyl hydrazone (TTF). The extract was transferred to a test tube, the residue washed three times with acetic ether, and a constant volume of 10 mL was maintained using acetic ether. The absorbance of the extract at 485 nm was recorded. Root activity was expressed as: TTC reduction mass (mg)/root fresh mass (g) × time (h).
Statistics
The data were statistically analyzed by a one-way ANOVA with SPSS 19.0.
Results
The AMF Colonization Rate
Mulberry seedlings were colonized after all treatments involving inoculation with AMF ( Figure 1 ). The non-inoculated samples showed no colonization. However, colonization rates between the three treatments showed significant differences (p < 0.05). The colonization rates were: 49.83% (GM), 61.64% (GI) and 40.40% (GH) (Figure 2 ). The AMF colonization rate showed the following pattern from high to low: GI > GM > GH. 
Plant Growth, Biomass and Mycorrhizal Dependence
Excluding the base diameter ( Figure 3B ), all growth parameters of the AMF colonized plants were significantly higher than in the control. The GI treatment had a significant effect on total biomass (Table 1) , lateral root number ( Figure 3D ) and plant height ( Figures 3A and 4) . The GM treatment had the greatest influence on leaf number ( Figure 3E ) and root length ( Figures 3C and 4) . Based on Figures 3 and 4 , the roots of the AMF-inoculated mulberry plants were significantly longer than the control roots. In the three inoculation treatments (GM, GI and GH), root length increased by 41.23%, 23.29% and 26.52%, respectively, compared with controls roots (Figure 4) .
The GI and GH treatments significantly increased the number of lateral roots in the mulberry seedlings by 33.33% compared to the controls; however, the GM treatment did not increase the number of lateral roots, and the treated plants showed a lower number of lateral roots than the controls ( Figure 3D ).
The number of leaves for the three inoculation treatments (GM, GI and GH) increased by 31.82%, 27.27% and 22.73%, respectively, compared with CK leaves; however, only the GM treatment reached a significant level ( Figure 3E ). The mycorrhizal dependence of the inoculated mulberry seedlings was highest (140%) in the GI treatment, followed by the GH (123%) and GM (119%) treatments (Table 2) . 
Table 2. Mycorrhizal dependence (MD) of inoculated mulberry seedlings: Glomus mosseae (GM), Glomus intraradices (GI) and a mixture of Glomus mosseae and Glomus intraradices (GH).
Chlorophyll Content
The chlorophyll A content of the plant leaves in the three AMF treatment groups (GM, GI and GH) was increased by 13.44%, 51.01% and 44.97%, respectively, compared to control leaves ( Figure 5A ). However, differences in chlorophyll A content were only significant for the GI and GH treatments ( Figure 5A ). The chlorophyll B content did not differ between any treatments ( Figure 5B ). 
The Influence on Root Activity
The TTC deoxidizing ability of the GM, GI and GH plants increased by 19.02%, 58.59% and 20.27% compared to the controls, respectively, resulting in significantly higher levels, especially under GI treatment ( Figure 6 ). Figure 6 . Effects of AMF inoculation on the root activity of mulberry seedlings: Glomus mosseae (GM), Glomus intraradices (GI), a mixture of Glomus mosseae and Glomus intraradices (GH) and without AMF (CK). Note: different letters denote significant differences (p < 0.05) between treatments according to Duncan's multiple range test.
Nutritional Content
In our study, all three AMF-inoculated groups showed improved nutrient accumulation. The GI treatment resulted in the most efficient nutrient absorption (Table 3) , with increases of 66.5% (N), 36.5% (P) and 48.6% (K) in plants. Inoculation treatments significantly improved the plant nutrient content, excluding the P contents of the leaf. GI treatment increased the content of all three nutrient elements in B A the stems and roots most significantly, but did not improve the leaf N content. GH treatment significantly increased the leaf N content.
Although the three treatments did not significantly increase leaf P content, the total accumulation of P was 36.5% (GI), 22.0% (GH) and 14.8% (GM) higher than that in the controls, respectively. All three treatment groups showed significantly increased root nutrient contents. The mixed treatment (GH) did not result in superior nutrient uptake compared with either the GM or GI treatments. Table 3 . Nutrient content (mg/pot) in leaves, stems and roots of mulberry seedlings: Glomus mosseae (GM), Glomus intraradices (GI), a mixture of Glomus mosseae and Glomus intraradices (GH) and without AMF (CK). 
Discussion
The characteristics of AMF and host plants play an important role in AMF colonization. In our study, the three treatments showed AMF colonization of the roots of mulberry seedlings after 90 days. However, the colonization rates for the three inoculation treatments differed. The colonization rate for the GI treatment was 61.64%, which is significantly higher than for the GM (49.83%) or GH (40.40%) treatments. The colonization rate for the GI treatment was significantly higher than for the GM or GH treatments, which may be due to the different degree of host specificity in mulberry. Interestingly, the mixed inoculation (GH) group showed lower colonization rates than the GM and GI groups, which were inoculated with a single species. Bennett et al. (2009) found that AMF species competed for root space and that the best competitor was the worst mutualist, while the worst competitor was the best mutualist [20] . In some cases, competition between two or more fungal species could result in the exclusion of an AMF species from host roots. The mechanism of competition during mycorrhiza formation has a physiological basis and may involve the carbohydrate supply of the host [21] . Hepper et al. (1988) suggested that the successful establishment of a mycorrhizal inoculate in the soil depends on the indigenous mycorrhizal species [22] . These studies indicate that a mixed inoculate may reduce the spore yield and create competition among various AMF species [22, 23] . Thus, competition between different AMF should be taken into consideration if such species are used for seedling cultivation.
Inoculation with AMF species, which has previously been applied to other plants, may be used to increase mulberry plant growth. Our results showed that mulberry plants inoculated with AMF had a higher aerial biomass and root biomass than non-mycorrhizal plants, which means the mycorrhizal plants had improved growth over the non-mycorrhizal plants. This is in agreement with many greenhouse studies on plants, such as tomatoes [24] , oranges [25] , cotton [26] and others [27] .
It is known that AMF stimulate plant growth through a range of mechanisms that include improved nutrient acquisition [28] , and AMF and non-AMF plants often display differences in the photosynthetic rate [29] . In our study, we found that the inorganic nutrient (N, P, K) contents of AMF-colonized mulberry seedlings were higher than in non-AMF-colonized seedlings, which indicates that AMF colonization may improve nutrient absorption and accumulation, a phenomenon similar to that in other plants [30, 31] .
In our study, we found a significant increase in chlorophyll A content, which is possibly due to improved N and K uptake [32, 33] . A change in chlorophyll has been found to correlate positively with photosynthetic capacity, and a screening of progeny for a high photosynthetic rate could be accomplished in a breeding program by measuring chlorophyll content [34, 35] . However, Reynolds et al. (2005) demonstrated that AMF colonization could not enhance N acquisition, nor the growth of old-field perennials under low N conditions [36] , indicating that the ability of AMF to promote the growth of host plants may be restricted by the availability of nutrients in the soil. In future studies, we will explore the performance of AMF-colonized seedlings under nutrient-limited conditions, to examine the possibility of mycorrhizal-induced growth depressions due to nutrient competition between host plants and fungi.
In our study, inoculation and colonization with G. mosseae and G. intraradices improved the growth and nutrient uptake of mulberry seedlings. These species are known to be beneficial for maize, Prunus cerasifera, olive trees and other plants, even under stressful conditions [37] [38] [39] [40] . Compared to G. mosseae, G. intraradices had a higher root colonization capacity and increased plant growth, and the nutrient uptake of M. alba L. seedlings was also improved. This indicates that G. intraradices is a more efficient AMF species than G. mosseae when colonizing M. alba L. roots. However, the length of the roots and the number of the leaves of M. alba L. seedlings inoculated by G. mosseae were greater than those of G. intraradices-inoculated seedlings. This indicates that G. mosseae can also be used to improve seedling growth. Mixed treatment was not superior to inoculation of the plants with a single species. Our results are similar to those of Jansa et al. (2007) , who showed that the effects of two or three AMF mixtures on plant growth and P uptake were mostly within the range of the effects exerted by the respective single species [41] . In their study, Jansa et al. also found that when G. mosseae was included in the mixture, the root community became dominated by this species, indicating that a dominant AMF species may strongly influence the composition of the AMF community in roots and, hence, influence the symbiotic performance of plants colonized by mixtures.
Conclusions
Both G. mosseae and G. intraradices improved the growth and nutrient uptake of mulberry seedlings, and simultaneous root colonization by two or more AMF may not be superior to the infection of plants with a single species. Our study provides a foundation for the application of G. mosseae and G. intraradices in mulberry cultivation. However, many other factors should be taken into account, including the performance of inoculated seedlings under field conditions. Experimental conditions, where the plants are inoculated with a limited number of AMF species and receive adequate nutrition, are not representative of field conditions in which multiple AMF species can be present in a single root system or in combination with nutrient or environmental stress.
